The author sought to develop a high-throughput activity screening assay to carry out rapid kinetic analysis, inhibitor screening, and directed evolution of cytochrome P450 2C enzymes. Initially, of the 9 fluorescent substrates and 10 P450 2C enzymes tested, several P450 2C enzymes showed > 1 nmol/min/nmol P450 activity in cumene hydroperoxide (CuOOH)-supported reaction with a laser dye, 7-dimethylamino-4-trifluoromethylcoumarin (C152). A high-throughput steady-state kinetic analysis of the human P450 2C8, 2C9, and 2C19 showed 1) k cat = 3 to 6 min -1 , 2) K m, CuOOH = 100 to 200 µM, and 3) S 50, C152 = 10 to 20 µM in the CuOOH system. In addition, P450 2C9 and 2C19 showed a very high k cat (27 and 38 min -1 , respectively) in the nicotinamide adenine dinucleotide phosphate (NADPH)-supported reaction. Subsequently, when mammalian P450s from the other subfamilies were tested, P450 2B1dH, 2B4dH, 2B5dH, 3A4, and 3A5 exhibited a significant activity in both CuOOH and NADPH systems. Furthermore, a high-throughput activity screening assay using whole-cell suspensions of the human P450 2C8, 2C9, and 2C19 was optimized. Overall, the data suggested that C152 can be used as a model substrate for mammalian P450s in CuOOH-supported reaction to perform rapid kinetic analysis, inhibitor screening, and directed evolution. (Journal of Biomolecular Screening 2007:677-682) Finally, human P450 2C8, 2C9, and 2C19 were optimized for the high-throughput activity screening using whole-cell suspensions, as described in Methods and reported previously for P450 2B1 and 3A4. [6] [7] [8] The results of the high-throughput activity screening of P450 2C8, 2C9, and 2C19 are shown in Figure  3 . Upon optimization, the reaction using 50 µM C152 and 2.5 mM CuOOH at 5 min showed the highest signal-to-noise ratio in a linear range of enzyme activity. The control (without P450 Kumar 680 www.sbsonline.org
INTRODUCTION
C YTOCHROMES P450 FROM THE 2C SUBFAMILY are among the major human P450 enzymes found mainly in the liver and metabolize > 25% of all commercially available drugs. 1 Because of their pharmacological significance and the potential for drug metabolism, P450 2C enzymes have been subjected to x-ray crystal structural studies, molecular modeling, and site-directed mutagenesis, which have suggested a role for both active and nonactive site residues on enzyme functions. 2 Therefore, engineering human P450 2C enzymes using directed evolution is important for investigating the role of amino acid residues, especially residues that are outside of the active site, and for designing novel and more efficient P450 2C biocatalysts. 3 In addition, structure-function studies using steady-state kinetic analysis and drug/inhibitor screening are the key determinants to developing novel pharmaceuticals. 4 These studies, however, require development of a simple and cost-effective high-throughput activity screening strategy. 3, 4 A high-throughput activity screening of mammalian P450s is limited by their requirements for redox partners and an expensive cofactor nicotinamide adenine dinucleotide phosphate (NADPH). Recently, I have developed a simple and cost-effective highthroughput activity screening for P450 2B1 and 3A4, which use a fluorescence substrate and peroxide pathway, bypassing the requirements of redox partners and NADPH. 3 Using the activity screening, structure-function studies and directed evolution of P450 2B1 and 3A4 were successfully performed. [5] [6] [7] [8] In the current study, identification of a novel laser dye substrate enabled me to develop a high-throughput activity screening assay for P450 2C enzymes, which will further allow us to carry out structurefunction studies and directed evolution.
METHODS

Materials
The fluorescent substrates 7-ethoxy-4-trifluoromethylcoumarin (7-EFC), 7-benzyloxy-4-tryfluoromethylcoumarin (7-BFC), 7methoxy-4-tryfluoromethylcoumarin (7-MFC), 3-[2-(N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4-methylcoumarin (AMMC), dibenzylfluorescein (DBF), 3-cyano-7-ethoxycoumarin (CEC), 7-diethylamino-4-trifluoromethylcoumarin (C47), 7dimethylamino-cyclopenta[c]coumarin (C138), 7-dimethylamino-4-trifluoromethylcoumarin (C152), and 7-amino-4trifluoromethylcoumarin (C151) were purchased from Invitrogen (Carlsbad, CA). NADPH, H 2 O 2 , cumene hydroperoxide (CuOOH), and polymyxin B sulfate were bought from Sigma Chemical Co. (St. Louis, MO). All other chemicals were of the highest grade available and were obtained from standard commercial sources.
Enzyme source
Recombinant cytochrome P450 reductase (CPR) and cytochrome b 5 from rat liver were prepared as described previously. 6 P450 2B1dH, 2B4dH, 2B5dH, 2B6dH, 2B11dH, and 2E1dH (dH stands for N-terminal modification and C-terminal His-tag) were expressed and purified as described. 6, 9 P450 3A4 and 3A5 were expressed and purified as described. 8 P450 2C enzymes were expressed and prepared (membrane preparation, purified, or partially purified) as described. 10 The specific contents of the purified enzymes were between 12 and 15 nmol of P450 per milligram of protein, whereas specific contents of the partially purified enzymes were between 3 and 5 nmol of P450 per milligram of protein.
Enzyme assay
H 2 O 2 -and CuOOH-supported enzyme activities were determined using a high-throughput assay as described previously. 8, 11 In brief, substrate mixtures (50-100 µM substrates, 100 mM HEPES buffer, pH 7.4, and 2% methanol) were preincubated with 25 or 50 pmol of purified P450 enzyme at room temperature for 5 min. Reactions were initiated by the addition of 1.0 mM CuOOH. The activity with C152 was determined by using a standard curve generated by its product 7-amino-4trifluoromethylcoumarin (C151) at λ ex = 405 nm and λ em = 510 nm using a fluorescent plate reader (Ascent Fluoroscan, Ramsey, MN). The standard NADPH-dependent assays with C152 were essentially carried out as described. 6, 8 The reconstitution system contained P450, CPR, and cytochrome b 5 at ratios of 1:4:2 and included 10 µg dioleoylphosphatidylcholine (DOPC)/100 µL reaction volume. The product, C151, was measured at λ ex = 380 nm and λ em = 480 nm using a Hitachi F-2000 fluorescent spectrometer (San Diego, CA).
High-throughput activity screening
TOPP3 Escherichia coli containing P450 were grown on a V-shaped 96-well microplate, and P450 was induced by δ-aminolevulinic acid and isopropyl-thio-beta-D-galactoside (IPTG) as described earlier. [6] [7] [8] High-throughput activity screening using the human P450 2C8, 2C9, and 2C19 wild type was done using a multichannel robot, Biomek 2000 (Beckman, Fullerton, CA), as described previously for P450 2B1 and 3A4. [6] [7] [8] In brief, cells were harvested by centrifugation and resuspended in 150 µL of 0.1 M HEPES buffer, pH 7.4, which is termed whole cells. Next, 50 µL of the substrate mixture (100 µM C152, 4% methanol, 5 U/well polymyxin B sulfate) was incubated with 40 µL of whole cells for 10 min at room temperature. The background intensity was recorded at λ ex = 405 nm and λ em = 510 nm using a fluorescence microplate reader. The reaction was initiated by the addition of 10 µL of CuOOH (2.5 mM final concentration).
Data analysis
Steady-state kinetic parameters were determined by regression analysis using Sigma Plot (Jandel, San Rafael, CA). The K m value was determined using the Michaelis-Menten equation, whereas the S 50 and n values were determined using the Hill equation. Each kinetic experiment in the peroxide system included all of the enzyme samples ( Table 1 ) simultaneously using a high-throughput assay for more accurate comparison of the data.
RESULTS AND DISCUSSION
C152 is a novel laser dye substrate of P450 2C enzymes
The most critical step to carry out rapid kinetic analysis, inhibitor/drug screening, and directed evolution is to find a simple, economical, and high-throughput activity screen using a sensitive fluorescent substrate and a facile assay method to circumvent steps involving CPR and cytochrome b 5 by an alternate oxygen donor such as peroxide. Therefore, several known fluorogenic substrates of P450 2C enzymes-especially derivatives of coumarin, such as 7-EFC, 7-BFC, 7-MFC, AMMC, DBF, and CEC-and 3 novel laser dye substrates-C47, C138, . 1A) . Surprisingly, the known substrates of P450 2C enzymes did not show significant activity in the peroxide system. To further optimize activity, I tested several buffer systems, such as potassium phosphate, Tris-HCl, and HEPES, among which the latter buffer (100 mM, pH 7.4) gave maximal activity (data not shown). In addition, I optimized a linear rate of reaction at 50 µM C152, 1.0 mM CuOOH, and 0.10 to 1.0 µM P450 for up to 5 min (data not shown). Under optimal conditions, P450 2C1, 2C4, 2C5, 2C8, 2C9, and 2C19 showed ≥ 2 nmol/min/nmol P450 in the CuOOH-supported system, whereas P450 2C16 and 2C18 displayed > 1 nmol/min/nmol P450 activity ( Fig. 1B) . Overall, P450 2C enzymes exhibited lower activity in H 2 O 2 -than CuOOH-supported reaction. More important, human P450 2C8, 2C9, and 2C19 showed higher activity than the other P450 2C enzymes (4, 5, and 3 nmol/min/nmol P450, respectively).
The general mechanism by which peroxide supports P450mediated substrate oxidation remains unclear because significant activity requires an appropriate cytochrome P450, substrate, and peroxide. For example, upon screening several known substrates of P450 2B1 in the NADPH system, only 7-EFC shows significant activity in H 2 O 2 -supported recation. 6 Similarly, P450 3A4 shows significant peroxide-supported activity with only 7benzyloxyquinoline (7-BQ). 5 Therefore, 7-EFC and 7-BQ were used as substrates for P450 2B1 6,7 and P450 3A4, 5, 8 respectively, in an H 2 O 2 -supported reaction, which enabled us to develop a simple and cost-effective activity screening method. In this study, none of the known P450 2C substrates exhibited significant activity in peroxide systems, whereas laser dye C152 gave significant peroxide-mediated P450 activity. C152 is generally used as an electron acceptor to study the fluorescence-quenching electron transfer dynamics in sodium dodecyl sulfate (SDS) micelles and in bovine serum albumin (BSA)-SDS protein-surfactant complexes using steady-state and picosecond time-resolved fluorescence spectroscopy. 12 Thus, C152 can be used to develop a CuOOH-mediated activity screening approach to perform rapid kinetic analysis and directed evolution of P450 2C enzymes.
Steady-state kinetic analysis
Steady-state kinetic analyses of P450 2C enzymes at varying C152 (5-50 µM) concentrations and 1.0 mM CuOOH at different CuOOH (0.025-1.0 mM) concentrations and 50 µM C152 were carried out. P450 2C9 showed the highest k cat (6.2 min -1 ), whereas P450 2C4, 2C8, and 2C19 showed a k cat of ≥ 3 min -1 ( Table 1) . The S 50, C152 values also varied significantly. Although P450 2C1 and 2C19 showed < 10 µM, P450 2C4 and 2C9 displayed > 10 µM S 50, C152 values. In addition, P450 2C1, 2C4, and 2C19 showed enzyme cooperativity (n ≥ 1.4). The K m, CuOOH was between 100 and 200 µM ( Table 1) . Interestingly, human P450 2C8, 2C9, and 2C19 showed a higher catalytic efficiency (k cat /K m, CuOOH ) than did nonhuman P450 2C1 and 2C4, mainly as a result of increased k cat .
Furthermore, to test whether human P450 2C8, 2C9, and 2C19 showed activity with C152 in the NADPH system, we carried out steady-state kinetic analysis. Surprisingly, P450 2C9 and 2C19 showed a very high k cat (28 and 37 min -1 , respectively), whereas P450 2C8 showed a k cat of 6.9 min -1 ( Table 2) . In a manner similar to that of the CuOOH-supported reaction, human P450 2C enzymes showed varied S 50, C152 values in the NADPH-supported reaction. For example, P450 2C4 showed a low S 50, C152 (9.1 µM), whereas P450 2C9 exhibited a high S 50, C152 value (29 µM) ( Table 2 ). In addition, P450 2C8 and 2C19 displayed enzyme cooperativity ( Table 2) .
It is important to note that P450 2C enzymes showed much lower K m, CuOOH values (100-200 µM) for C152 oxidation than did P450 3A4 (K m, CuOOH = 1.2 mM and K m, HOOH = 60 mM) for 7-BQ O-debenzylation 8 or P450 2B1 (K m, HOOH = 12 mM) for 7-EFC Odeethylation. 6 In addition, the NADPH-mediated rate of oxidation of C152 by P450 2C8, 2C9, and 2C19 is higher than that of known fluorescent substrates for P450 2C enzymes. 11, 13 When compared with the cDNA-expressed P450 enzymes, P450 2C8, 2C9, and 2C19, with their respective substrates, showed a turnover of < 1 min -1 . 11 With regard to the drug molecules, P450 2C8 oxidizes paclitaxel, P450 2C9 oxidizes diclofenac, and 2C19 oxidizes mephenytoin with the rate of approximately 110, 3000, and 400 pmol/min/mg protein, respectively. 13 Because C152 can be metabolized by several P450 2C enzymes with a relatively high rate in the peroxide or NADPH system, C152 could be used as a potential substrate for studying structurefunction relationships and drug/inhibitor screening in a highthroughput assay. P450 2C enzymes with several known structures are a target to study the molecular basis of enzyme functions. 2 Human P450 2C8 and 2C19 showed nonhyperbolic kinetics with C152. Therefore, C152 can be used as a model substrate to study enzyme cooperativity using a high-throughput kinetic analysis as described earlier. 5 P450 2C8, 2C9, and 2C19 are known to show cooperativity with naphthalene, dapsone, and N-desmethyladinazolam, which may lead to an inappropriate drug metabolism. 14
Oxidation of C152 by mammalian P450 from the 2B, 2E, and 3A subfamilies
To test whether C152 is a potential substrate for other mammalian P450 enzymes, we performed activity determinations with P450 from the 2B, 2E, and 3A subfamilies in H 2 O 2 , CuOOH, and NADPH systems (Fig. 2) . P450 2B4dH, 2B5dH, and 3A5 showed significant CuOOH-supported activity with C152 (5, 15, and 4 nmol/min/nmol P450, respectively). Other enzymes, however, exhibited low or negligible activity in both H 2 O 2 and CuOOH systems. In the standard NADPH system, 2B5dH displayed the highest activity (65 nmol/min/nmol P450), whereas P450 2B1dH, 2B4dH, 2B11dH, 3A4, and 3A5 showed > 2 nmol/min/nmol P450 activity (Fig. 2) . As expected, C152 displayed greater activity in CuOOH-supported than in H 2 O 2 -supported reactions.
The preceding findings suggest that the P450s that exhibit activity in the peroxide system are also active in the NADPH system, whereas the P450s that are active in the NADPH system may not show activity in the peroxide system. For example, 2B11dH shows negligible activity in peroxide systems but significant activity in the NADPH system (Fig. 2) . This explanation is valid with other enzyme and substrate combinations. 6, 8 Overall, our results showed that C152 can be efficiently oxidized by mammalian P450s in CuOOH and NADPH systems. P450 2B, 2C, and 3A enzymes have been extensively studied with regard to structure-function relationships and drug metabolism. 2, 15 Therefore, C152 could potentially be used as a model substrate of other mammalian P450 enzymes to perform structure-function studies and directed evolution. cDNA containing plasmid) showed a very low intensity (< 0.2) against the background intensity (prior to the addition of CuOOH) of 8 to 10 (data not shown). In addition, P450 2C8 and C19 displayed ~50%, whereas P450 2C9 showed < 40% colony-to-colony variations in activity from the average activity ( Fig. 3) . P450 2C8 showed the highest signal-to-noise ratio than did P450 2C9 and 2C19, presumably due to higher expression. 9 For comparison, the recently developed high-throughput screening of P450 3A4 showed a low signal-to-noise ratio (0.35 against the background intensity of 4) and a large colony-tocolony variation (70%). 8 Therefore, the sensitivity and colonyto-colony variations of the high-throughput activity screening of the human P450 2C enzymes are higher than P450 3A4, 8 clearly suggesting that this strategy can be used to select random clones having a ≥ 2-fold higher activity than the template. In addition, this screening system can be extended to select mutants with altered cooperativity by measuring their activity at nonsaturating (10 µM) and saturating (50 µM) concentrations of C152. More recently, we have used a similar assay method to screen/select P450 3A4 mutants with decreased cooperativity (unpublished observations).
CONCLUSIONS
A high-throughout activity screening of the human P450 2C enzymes is limited by their requirements for redox partners and an expensive cofactor NADPH. 3, 4 Therefore, a facile assay method using a marker fluorescent substrate, which can be oxidized by an alternate oxidant, is necessary to expedite the activity screening. In this study, a novel and sensitive laser dye substrate, C152, of P450 2C enzymes was identified, which uses the CuOOH pathway efficiently. In addition, C152 was identified as a novel substrate of several other mammalian cytochromes P450, suggesting that C152 may be used as a model substrate for inhibitor/drug screening and structure-function studies. Furthermore, a high-throughput activity screening with C152 using whole-cell suspensions of human P450 2C8, 2C9, and 2C19 was developed, which will allow us to screen/select random clones with enhanced activity and altered cooperativity. Thus, C152 can be used as a model substrate in the peroxide or NADPH system by several mammalian P450 enzymes to perform 1) rapid kinetic analysis for studying structure-function relationships, 2) inhibitor/drug screening for developing novel pharmaceuticals, and 3) directed evolution for generating biocatalysts.
FIG. 3.
Development of a high-throughput activity screening for P450 2C enzymes. Circles, squares, and triangles represent the cumene hydroperoxide (CuOOH)-mediated activities with C152 determined for individual clones from P450 2C9, 2C19, and 2C8, respectively, and are plotted in random distribution of the activity to demonstrate the range across the 96-well microplate. The x-axis represents individual colonies, and the y-axis represents relative fluorescence intensity for the product, C151, at λ ex = 405 nm and λ em = 510 nm. The plot is representative of at least 2 independent determinations. The signal-to-noise ratio and colony-to-colony variations between the experiments are ≤ 25%.
